ABSTRACT: A commercially available styrene divinylbenzene ion-exchange resin, Amberjet 1200 H, was used to prepare a series of activated carbons through carbonization and subsequent activation with varying amounts of KOH. The resulting activated carbons showed a well-developed porous structure with specific surface area in the range of 730-3870 m . Importantly, these structural parameters can be changed by varying the amount of KOH used for the activation. These carbons showed extremely good adsorption properties towards benzene and methane at 20 °C. The best uptakes for benzene and methane (19.6 and 1.68 mmol g -1 , respectively) were obtained for the carbon activated using the KOH/C ratio of 4. These values correspond to the gravimetric adsorptions of 1.53 g/g and 27 mg/g, respectively. Benzene adsorption was analyzed using the Dubinin-Radushkevich (DR) equation. The micropore volume calculated using the DR equation based on benzene adsorption corresponds well with the micropore volume calculated from nitrogen adsorption by the α s comparative method. The high values of the structural parameters and the resulting high benzene and methane uptakes render the obtained activated carbons as prospective materials for use in environmental remediation and energy-related applications such as volatile organic compound adsorption and methane storage.
INTRODUCTION
Activated carbons with highly developed surface area and pore volume are important materials for many adsorption processes. One of the key factors affecting adsorption properties of these materials is the pore-size distribution, which preferentially should be within the range of micropores (pores with widths < 2 nm; Sing 1982) . Potassium hydroxide (KOH) is one of many activating agents used for the development of microporosity in carbon materials. KOH is particularly interesting because the KOH-activated carbons often achieve high specific surface area (reaching 3000 m 2 g -1 ), large pore volumes (exceeding 2 cm 3 g -1
) and narrow pore-size distribution within the range of micropores. Interestingly, pore-size distribution can be controlled through selection of proper synthesis conditions. For instance, Lozano-Castello et al. (2002b) obtained activated carbons with narrow pore-size distribution by careful control of the activation process (KOH/C ratio, nitrogen flow and impregnation method). The resulting carbons, obtained from anthracite and bituminous coal, showed specific surface areas exceeding 2000 m 2 g -1 . Importantly, achieving the narrow pore-size distribution in the range of micropores is not easy * Author to whom all correspondence should be addressed. E-mail: jaroniec@kent.edu (M. Jaroniec).
because prolongation of activation usually leads to the pore broadening, and thus, resulting in wide pore-size distribution.
MAXSORB is probably the most popular activated carbon. It was synthesized in 1970 by KOH activation of a petroleum coke by AMOCO Corp. and labelled as "PX-21." Later, in the mid-80s, it was manufactured as AX-21 by Anderson Development Company, and subsequently, by Kansai Coke and Chemical Company Ltd. as MAXSORB (Otowa et al. 1993) . This activated carbon exhibits the specific surface area of approximately 3100 m 2 g -1 and pore volume of 1.7 cm 3 g -1 , which is mainly due to large micropores with size of approximately 2.1 nm (Takeuchi et al. 1999) . Because of the well-developed microporous structure, this material is used in various applications, such as for the removal of chlorinated hydrocarbons (Takeuchi et al. 1999) , hydrogen storage (Xu et al. 2007) , carbon dioxide adsorption (Yong et al. 2001) , natural gas storage (Menon and Komarneni 1998), catalysis (Grunewald and Drago 1991) , and in supercapacitors for energy storage (Centeno and Stoeckli 2006) . KOH activation is a very versatile technique that can be used to prepare high surface area carbons from a variety of precursors, such as hydrothermally carbonized renewable organic materials (Sevilla et al. 2011a) , carbide-derived carbons (Portet et al. 2009 ), hard-templated carbons (Choi and Ryoo 2007; Sevilla et al. 2010) and graphene (Zhu et al. 2011) . Polymers, either carbonized or activated, are good carbon precursors as well (Choma et al. 2014a; Sevilla et al. 2011d The very interesting carbon precursor is styrene divinylbenzene ion-exchange resin with sulphonate functional groups (Nakagawa et al. 1999; Park and Jung 2002) . Carbonization of this resin afforded highly microporous carbon and a careful control over conditions resulted in a very narrow pore-size distribution, ranging from 0.38 to 0.45 nm (Nakagawa et al. 1999) . Similar to MAXSORB, the resulting activated carbons were used for adsorption of hydrogen, methane and carbon dioxide, and volatile organic compounds (VOCs), and as electrodes in supercapacitors. In the industry, activated carbons are used for removal of VOCs from air.
Activated carbons with large specific surface area, pore volume and microporosity are important especially for adsorption of VOCs and methane. Importantly, benzene is often used as a model compound to assess adsorption properties of activated carbons towards VOCs. Ramirez et al. (2005) investigated adsorption of benzene vapour on activated carbons and activated carbon fibres and reported gas uptakes of approximately 400 mg g -1 and approximately 600 mg g -1 , respectively. Dou et al. (2011) reported similar data for an activated carbon BN-09 < 60 mesh manufactured by Ningxia Benniu Activated Carbon Works, which adsorbed approximately 400 mg g -1 of benzene at 25 °C and 120 mbar. Taba (2009) compared benzene adsorption on an activated carbon Norit SX22 and a mesoporous carbon CMK-1 and found that the latter adsorbs approximately 800 mg g -1 , whereas the former only approximately 400 mg g -1 . The aforementioned reports show that there is a great interest in using benzene adsorption isotherms for characterization of adsorption properties and porosity of activated carbons. Benzene molecules are easily accommodated in slit-like fine pores of activated carbons due to their specific interactions with the carbonaceous pore walls and good geometrical fit. Benzene adsorption data were indispensable for the development of the so-called theory of volume filling of micropores (Dubinin 1975) .
Adsorption of methane on solid adsorbents is a viable alternative to storage in a pressurized form (Lozano-Castello et al. 2002a; Morris and Wheatley 2008) . Lozano-Castello et al. (2002a) showed that the amount of methane stored in an adsorbent-filled tank under 4 MPa pressure was four times higher than that in an empty tank. Himeno et al. (2005) ), and reported uptakes of 6.51 mmol g -1 at 3.93 MPa, 3.79 mmol g -1 at 3.45 MPa and 11.5 mmol g -1 at 3.45 MPa, respectively. In this work, a series of activated carbons obtained by carbonization and subsequent KOH activation of a commercially available styrene divinylbenzene ion-exchange resin with sulphonate functional groups, Amberjet 1200 H, is examined for adsorption of benzene and methane. The high values of structural parameters and high benzene and methane uptakes render the obtained activated carbons as prospective materials in environmental remediation and energy-related applications such as VOC adsorption and methane storage.
EXPERIMENTAL ANALYSIS 2.1. Materials
Monodisperse carbon spheres and activated carbons obtained from commercially available styrene divinylbenzene ion-exchange resin spheres (d = 0.5 mm), Amberjet 1200 H (Rohm and Haas, Philadelphia, PA, USA) and reported by Choma et al. (2014b) were examined as potential adsorbents of benzene and methane. The resulting carbon spheres were denoted as C and the activated carbons were denoted as C-1, C-2, C-3, C-4, C-5 and C-6, where the number refers to the KOH/C mass ratio used.
Measurements and calculations
Scanning electron micrographs were taken with a scanning electron microscope (LEO 1530, Zeiss, Germany) using an acceleration voltage of 2 kV. Nitrogen and methane adsorption-desorption isotherms were measured at -196 °C and 20 °C, respectively, using a gas adsorption analyzer (ASAP 2020, Micromeritics, Norcross, GA, USA). Nitrogen adsorption analysis data for the carbons studied were already reported by Choma et al. (2014b) . In this work, benzene adsorption-desorption isotherms were measured at 20 °C using a McBain-Bakr gravimetric method on a home-made apparatus equipped with a high-vacuum quartz-spring balance. All samples were degassed at 200 °C for 2 hours, before every adsorption measurement.
Specific surface area (S BET ) was calculated by employing BET method based on nitrogen adsorption data in a relative pressure range of 0.05-0.2 using nitrogen cross-sectional area of 0.162 nm 2 (Brunauer et al. 1938) . The total pore volume (V t ) was calculated by conversion of the nitrogen adsorption at a relative pressure (approximately 0.99) to the volume of liquid nitrogen (Kruk and Jaroniec 2001). Micropore volume (V mi ) was calculated from adsorption data using the comparative α s plot method (Sing et al. 1985; Jaroniec and Kaneko 1997) in the α s range of 0.9-1.3, where α s is the reduced adsorption for a reference material defined as the ratio of the nitrogen adsorption at a given pressure to the adsorption at relative pressure of 0.4. Mesopore volume (V me ) was calculated as the difference between the total pore volume and the micropore volume. External surface area (S ext ) was calculated based on adsorption data using the α s method in the α s range of 3-8. Microporosity was calculated as the ratio of the micropore volume to the total pore volume and expressed in percentage.
Benzene adsorption was analyzed using the Dubinin-Radushkevich (DR) equation (Dubinin 1975) , which is given as follows:
( 1) where a mi is the amount adsorbed in micropores, W mi DR is the micropore volume, V m is the adsorbate's molar volume at experiment temperature (0.08886 cm 3 mmol -1 for benzene at 20 °C), B DR is the temperature-independent empirical constant associated with the size of micropores, A is the adsorption potential calculated as A = RTln(p 0 /p), R is the universal gas constant, T is the absolute temperature, p/p 0 is the relative pressure and β is the adsorbate similarity coefficient (1.0 for benzene). The DR equation was applied in a relative pressure range of 10 -5 to 0.2.
RESULTS AND DISCUSSION

Morphology and Porosity
Scanning electron microscopy (SEM) was used to investigate morphology of the materials studied. Figure 1 shows SEM images of the polymer spheres, carbon spheres and activated carbon C-4. Analogous images are shown in the previous work by Choma et al. (2014b) . The polymer spheres used as a carbon precursor possessed uniform diameters of approximately 500 μm. After carbonization, the material retained spherical morphology and uniform size; however, the average diameter was reduced to approximately 450 μm and the spheres were cracked probably due to the volume change. However, the activation process destroyed the spherical morphology and resulted in irregularly shaped particles having sizes less than 100 μm.
Adsorption parameters for all carbon materials obtained from nitrogen adsorption isotherms are listed in Table 1 . The activated carbon C-4 possesses the most developed structure with specific surface area reaching 3900 m 2 g -1 and total pore volume exceeding 2 cm 3 g -1
. For this material, the micropore volume exceeds 1.5 cm 3 g -1 and the mesopore volume is close to 0.5 cm 3 g -1
. The external specific surface areas are below 40 m 2 g -1
. As expected, the structural parameters for nonactivated carbon C are significantly lower as compared with the activated carbons.
Noticeably, the activation process resulted in significant enlargement of all structural parameters. In the case of C-4 material, specific surface area, total pore volume and microporosity are 17-20 times larger than the corresponding values for non-activated carbon. Interestingly, microporosity, after initial enlargement to 68 %, remained very similar for other carbon samples at approximately 76%.
Benzene Adsorption
Benzene vapour uptake was measured for all carbon materials to establish their performance towards VOC adsorption (benzene as a model VOC). Figure 2(a) shows benzene adsorption-desorption isotherms and Table 1 shows the maximum benzene uptake for all carbon materials. All benzene isotherms are of Type I with H4 hysteresis loop according to the IUPAC classification (Sing et al. 1985) . Unsurprisingly, the activated carbon C-4 showed the highest benzene uptake, close to 20 mmol g -1 , as a consequence of the most developed structure among all materials studied. The 1.22 a C = carbon spheres; C 6 H 6 uptake = C 6 H 6 adsorption at a relative pressure close to 1.0; C-x = activated carbons, where x refers to the KOH/C ratio used in activation; microporosity = the ratio of V mi to V t expressed in %; S BET = specific surface area; V me = mesopore volume; V mi = micropore volume; V t = total pore volume; W mi DR = micropore volume calculated on the basis of benzene adsorption using DR equation; B DR = DR semi-empirical constant ; CH 4 uptake = CH 4 adsorption at 800 mmHg. Values of the BET surface area and total pore volume are taken from the previous work by Choma et al. (2014b) . . Those values correspond to 1.12-1.53 g of adsorbed benzene per each gram of material.
The DR equation was used to calculate the micropore volume (W mi DR ) and DR semiempirical constant (B DR ). Table 1 presents the calculated parameters for all carbon materials. The micropore volume changed from 0.09 cm 3 g -1 for the C material to 1.40 cm 3 g -1 for the C-4 material, following the same trend as other structural parameters: specific surface area, total pore volume, and micropore volume calculated using the α s method. Importantly, the micropore volumes calculated from nitrogen and benzene adsorption isotherms are quite similar.
Figure 2(b) shows maximum benzene uptake plotted as a function of the micropore volume calculated on the basis of nitrogen adsorption. A linear correlation of these two parameters (R 2 = 0.972) shows that benzene adsorption strongly depends on the volume of micropores and thus, benzene molecules are adsorbed primarily in micropores. Consequently, a large micropore volume is imperative to achieve a large benzene uptake.
Methane Adsorption
Methane adsorption was measured at 20 °C and up to 800 mmHg. Figure 3(a) shows methane adsorption isotherms and Table 1 lists the maximum methane uptakes for all carbon materials. Similar to benzene adsorption, methane uptake increases from C-1 to C-3 materials, reaches maximum for the C-4 material and decreases for the C-5 and C-6 materials. The best methane uptake, recorded for the C-4 material, was approximately 1.7 mmol g -1 . Figure 3(b) shows the maximum methane uptake plotted as a function of the micropore volume calculated based on benzene adsorption. A linear regression resulted in a correlation coefficient of R 2 = 0.869. Although the coefficient is not as high as in the case of benzene adsorption, the strong correlation between methane adsorption and the micropore volume is apparent. Thus, it is highly probable that methane adsorbs on carbon materials through micropore-filling mechanism rather than film formation. 592 J. Choma et al./Adsorption Science & Technology Vol. 33 No. 6-8 2015 
CONCLUSIONS
Activated carbons obtained by carbonization and subsequent KOH activation of a commercially available styrene divinylbenzene ion-exchange resin spheres, Amberjet 1200 H, were examined as potential adsorbents of benzene and methane. The resulting carbons showed high specific surface area ranging from 730 to 3870 m 2 g -1
, total pore volume ranging from 0.44 to 2.07 cm 3 g -1 , and micropore volume ranging from 0.30 to 1.59 cm 3 g -1
. KOH activation resulted in a significant enlargement of the specific surface area, total pore volume and microporosity. The carbon activated using 4:1 KOH/C weight ratio showed the highest values of the aforementioned parameters, which improved by approximately 18-fold, 17-fold and 20-fold, respectively. Importantly, the development of microporosity was favoured instead of mesoporosity. For most of the materials, microporosity amounted to approximately 76% as compared with the initial carbon material C that showed 67% of microporosity. The well-developed structure resulted in very good benzene and methane adsorption properties. The highest uptakes were recorded for the C-4 material: 19.6 and 1.68 mmol g -1 , respectively. The DR equation was used to calculate the micropore volume from benzene adsorption and the resulting values are in a good agreement with the micropore volume calculated by the α s plot method. The high values of the structural parameters and the resulting high benzene and methane uptakes render the obtained activated carbons as prospective materials in VOC adsorption and methane storage. 
